Metal-molecule-silicon ͑MMSi͒ devices have been fabricated, electrically characterized, and analyzed. Molecular layers were grafted to n and p+ silicon by electrochemical reduction of para-substituted aryl-diazonium salts and characterized using standard surface analysis techniques; MMSi devices were then fabricated using traditional silicon ͑Si͒ processing methods combined with this surface modification. The measured current-voltage characteristics were strongly dependent on both substrate type and molecular head group. The device behavior was analyzed using a qualitative model considering semiconductor depletion effects and molecular dipole moments and frontier orbital energies. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2750516͔ Molecular electronic devices to date have been primarily metal-molecule-metal ͑MMM͒ devices utilizing thiolated chemistry on gold ͑Au͒ substrates.
Molecular electronic devices to date have been primarily metal-molecule-metal ͑MMM͒ devices utilizing thiolated chemistry on gold ͑Au͒ substrates.
1 Alternate substrates and attachment chemistries are attractive in terms of bond stability and additional degrees of freedom in device design. Semiconductor ͑SC͒ contacts are of particular interest since interactions between the SC bands and molecular levels can lead to interesting effects such as negative differential resistance. 2, 3 Due to the dominance of silicon ͑Si͒ for electronics applications, metal-molecule-silicon ͑MMSi͒ devices are particularly relevant. ͗111͘ Si has well-defined surface reconstructions, which allow control of surface structure over large areas. Molecules can be covalently attached to Si using stable Si-O or Si-C bonds. 4 Studies of metal-moleculesemiconductor ͑MMS͒ devices have employed degenerate doping and treated the substrate as metal-like 5 or used moderate doping and treated the molecular layer as a small perturbation on a Schottky diode. 6, 7 These studies have considered systems in which there are large energy differences between the metal work function ͑⌽ m ͒, SC Fermi level, and molecular levels. We present a MMS Si device in which the interplay among the metal, molecular levels, and bands of the SC can modulate transport because the valence molecular orbitals are expected to be near resonance with the contact Fermi energies.
Molecular layers were grafted to ͗111͘ n-type ͑ = 0.05-0.1 ⍀ cm͒ and p+ ͑ = 0.005-0.001 ⍀ cm͒ Si surfaces by hydrogenation and electrochemical grafting of aryldiazonium salts in aqueous, acidic solution. 8 Si samples were cleaned by repeated sonication in toluene, acetone, and methanol followed by a 15 min immersion in 1:1H 2 SO 4 ͑18M͒ :H 2 O 2 ͑30% ͒ and subsequent de-ionized ͑DI͒ water rinse. The surface was hydrogen terminated, 9 an InGa eutectic contact was applied and the sample was immediately mounted in the electrochemical cell for molecular grafting.
Aryl-diazonium salts were obtained from Sigma-Aldrich and used without further purification; the as-grafted surface modification species are shown in Fig. 1 . Grafting was performed in a three-electrode cell, using the Si ͑working͒, a platinum mesh ͑counter͒, and a gold wire ͑pseudoreference͒. The cell was filled with a dilute solution of sulfuric and hydrofluoric acids in deoxygenated DI water under nitrogen. An appropriate amount of the diazonium salt was dissolved in water and added to the dilute acid in the cell to form a 5 mM molecular solution and an appropriate grafting potential was applied. The current was monitored and the reaction was stopped when approximately monolayer coverage was achieved. 10 The sample was immediately removed from the cell, rinsed with DI water, dried with nitrogen, and ultrasonicated in dichloromethane and acetonitrile.
Molecular layers on unpatterned samples were characterized using x-ray photoemission spectroscopy ͑XPS͒ and ellipsometry.
11 XPS confirmed the presence of the molecules on the sample surfaces, and layers showed an oxide thickness equivalent to 12%-18% of an oxide monolayer, except for N-benz, which showed 45% of a monolayer. N 1s oxidation energies corresponding to NO as well as NO 2 species were detected in N-benz layers, indicating that some of the head groups were reduced. Ellipsometric measurements yielded relative monolayer thicknesses within ±1 Å of the expected value except for M-benz, which was Ϸ2 Å larger than expected, indicating partial multilayer formation.
MMSi devices with the structure shown in Fig standard lithography and etching. Following cleaning and molecular grafting, 15-20 nm of Au was deposited using an indirect evaporation process to minimize damage to the molecular layer; 12,13 a 200 nm Au layer was then electron-beam evaporated. Photolithography and etching were used to define contact pads and a large InGa eutectic back contact was applied. Control samples with no molecular layer were introduced into the evaporator within 15 min of the hydrogentermination etch; Si samples with a native oxide were fabricated by omitting the final etch. The percentage of devices that looked correct upon inspection in an optical microscope ranged from 16% to 100%.
Current-voltage ͑I-V͒ measurements were performed at room temperature in the dark with the back contact grounded. For each sample type, at least 40 devices were measured; devices that exhibited I-V curves comparable in shape to those of the majority of the devices and current densities differing by less than 50% from the median value ͑46-83% of optically ЉgoodЉ devices͒ were considered for further analysis. I-V curves are shown in Figs. 2͑a͒ and 2͑b͒ for MMSi devices on n-Si and p+ Si, respectively. Curves are shown for each of the molecular species, obtained by averaging data from at least 40 good devices, as well as the control sample. The I-V characteristics of the oxidized Si samples were indistinguishable from the control samples, indicating that a native oxide does not have significant charge and is not a significant barrier to current flow. Therefore, the partial monolayer of oxide in N-benz is not expected to limit current flow.
MMSi devices can be qualitatively analyzed using approaches from MMM devices, 14 which consider the molecular density of states ͑DOS͒ arising from molecular levels which are broadened and shifted by coupling to the contacts. Transport in MMS devices can be described by a compound barrier, comprising ͑1͒ a molecular tunnel barrier from the metal through the molecular DOS to the Si surface and ͑2͒ a SC barrier from the Si surface through the depletion region to the Si bulk. [15] [16] [17] [18] For cases with a depletion region, the SC barrier can be dominant. 16 For appropriate work function offsets or bias conditions, it is also possible to achieve an accumulated Si surface; in this case, the molecule can be the primary barrier. The SC portion of the barrier ⌽ B is related to the SC surface potential ⌽ S . Band diagrams depicting MMSi devices on n and p+ Si are shown in Figs. 3͑a͒ and 3͑b͒ , respectively. In an ideal metal-semiconductor ͑MS͒ structure, the ⌽ B is related to the MS barrier height ⌽ MS , which arises from the offset between ⌽ M and the SC Fermi energy. 18 In a corresponding MMS device, the dielectric nature and dipole moment of the molecule modulate ⌽ B . Density functional theory ͑DFT͒ calculations of the isolated molecules using the B3LYP functionals [19] [20] [21] and a 6-31G ** split valence plus double polarization basis set were performed with QCHEM ͑version 2.0͒ 22 to assess the molecular electrostatic and elec- tronic structure properties . The calculated dipole moments are −2.39, −0.53, 1.96, and 4.56 D for D-benz, M-benz, B-benz, and N-benz, respectively. ⌽ S should vary proportionally to the negative of the molecular dipole; however, modulations in ⌽ B due to this effect are expected to be small. 23, 24 The transparency of the molecular barrier is a function of the molecular DOS in the energy range near the contact potentials, which is related to the molecular electronic levels. Using Koopmans' theorem, 25 the highest occupied molecular orbitals ͑HOMOs͒ have calculated ionization ͑oxidation͒ energies of 4.76, 5.88, 6.67, and 7.59 eV for D-benz, M-benz, B-benz, and N-benz, respectively. This model predicts that the HOMO energy of D-benz is above the ideal Au Fermi level, whereas those of the other species are below. While these isolated molecular properties can assist with qualitative explanations for the I-V curve trends, quantitative statements require consideration of binding to the contacts, which can modulate the molecular dipole moments and orbital energies. More extensive calculation are currently ongoing; recent work has considered long-range cooperative effects and the consequences of model choice for similarly substituted aryl-SAM-Si systems. 26 For the n-type substrates, the control sample is highly rectifying due to the large ⌽ MS . At negative bias ͑NB͒, all samples exhibit low current densities, suggesting that the Si barrier is the dominant current-limiting mechanism. As a positive bias ͑PB͒ is applied, the Si bands flatten out as shown in black in Fig. 3͑a͒ , leading to a condition where transport through the molecular layer becomes dominant. At 1 V PB, D-benz is the most conductive molecular device, consistent with a HOMO above the Au Fermi energy; in this case, the HOMO would be expected to be partially emptied at low bias, leading to a condition where the molecular level is close to resonance. The trend in conductivities of the other molecular samples is qualitatively consistent with expected transparencies of the molecular barriers, based on the HOMO positions.
For the p+ substrates, the control samples exhibit Ohmic behavior consistent with the small ⌽ MS . The molecular samples are qualitatively different from the control sample, exhibiting asymmetric I-V characteristics. Based on the DFTcalculated dipole moments, D-benz devices should be in accumulation and N-benz should have the largest ⌽ B , although still much smaller than those on the n-type samples, leading to significantly higher conductances. D-benz has higher current density for PB than NB because ⌽ B is not a factor due to D-benz being in accumulation; these results point to the application of a PB bringing the higher-lying HOMO closer to resonance with the gold contact. M-benz and N-benz both have higher current densities in NB than PB-consistent with bringing the contact closer to resonance with the HOMO at NB. D-benz and M-benz are much more conductive than N-benz, results consistent with expected trends due to the calculated molecular electrostatic and electronic structure properties. B-benz exhibits fairly symmetric behavior with relatively high current density in both bias directions which would imply a smaller ⌽ B and higher HOMO energy than calculated. On both substrate types, M-benz is slightly less conductive than expected relative to B-benz, possibly due to a partial multilayers.
MMSi devices have been fabricated using standard Si processing combined with electrochemical reduction of aryldiazonium salts. The devices show significant qualitative and quantitative differences for different substrate doping types due to the interplay between the molecular characteristics and the Si bands. When a large ⌽ B is present, e.g., for NB in devices on n Si, the molecular properties play a modest role. When ⌽ B is small as is the case for strong PB in devices on n Si and at low bias for devices on p+ Si, trends in conductivity correlate with the calculated molecular levels.
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